Abstract: Many studies have been conducted on organic and inorganic synthesis by microwave heating owing to its special heating mechanism, leading to improved reaction rate, higher purity and yields. We specifically demonstrated microwave heating in the fabrication of nanoparticles and polyester. By finetuning the microwave and experimental parameters, the materials prepared have shown excellent physical and bio-properties, e.g. narrow particle size distribution, controlled morphology, varied molecular structure and so forth. We further highlight the recent procedure of using fluidic reactors on preparing the nanoparticles. The experimental design strategies and fundamentals of the microwave interaction with chemicals are presented. Furthermore, the issues facing in this area are also discussed.
1.

Introduction to Microwave Chemistry
Microwaves, which forms part of the electromagnetic spectrum, have a wavelength from 1 mm to 1 m and a frequency of 300 MHz to 300 GHz. In a standard system they are generated by a magnetron before being released into a chamber, which is covered by a protection layer to avoid leaking of microwave irradiation to the surroundings. After the introduction of microwaves in chemical reactions in 1986 [1, 2] , a significant number of publications regarding the microwave-assisted synthesis of organic and inorganic materials in batch and continuous-flow reactors have been reported. [3, 4] Today, well-developed commercial microwave reaction systems provide advanced monitoring and control of reaction variables during synthesis, allowing high reproducibility and reduced safety concerns.
In a microwave reaction system, the mechanism of heat generation is known as dielectric heating, the two major mechaisms of which are dipolar polarisation and ionic conduction. In the former, microwave electromagnetic waves cause molecular rotation, enabling internal heat generation due to fricition. [5] The ability of a substance or a solvent to absorb microwave energy is dependant on the dielectric constant, dielectric loss and loss tangent. The loss tangent is defined as the efficiency of the solvent to convert the microwave energy into thermal energy, which is the ratio of dielectric loss (coupling efficiency of the solvent with the microwave) to the dielectric constant (ability to store electric charges). The higher the dielectric loss, the faster the solvent reaches its pre-set temperature. The solvents are categorised into three groups: high (dielectric loss >14), medium (dielectric loss 1-13.99) and low (dielectric loss <1) microwave absorbance. [1] Importantly, the dielectric constant alone does not represent the efficacy of a material for microwave absorbance. For instance, water with high dielectric constant is classified as having a medium microwave absorbance owing to its lower loss tangent and dielectric loss. Molecular structure of a solvent also plays a key role in absorbing microwave irradition; short chain alcohols are heated faster than long chain hydrocarbons to similar temperatures. This is because hydrocarbons with a longer backbone inhibit microwave heating, due to their reduced ability to align themselves with the changing electric field. [6, 7] Table 2 Dielectric materials chart [6, 8] Understanding the mechanism of microwave heating, in particular the degree of microwave coupling and hence heating efficacy of each reactant species, is highly important. The material properties can be fine-tailored by optimising the microwave and experimental parameters. In designing a microwave-assisted chemical experiment, there are four key factors that need to be considered: i) the loss tangent of the solvent species (Table 1) , ii) the microwave absorption capacity of the reaction vessel ( Table 2) , iii) the accuracy of temperature measurement, and iv) mass transfer.
In addition, the selection of microwave mode (i.e. singlemode vs multi-mode) in preparing a material is also crucial. A single-mode microwave system is usually preferable for a reaction requiring high microwave intensity, and a multi-mode system is usually used for a large scale reactor requiring relatively homogeneous low microwave intensity. [9] . [10] Furthermore, the position of a reactor in the single-mode microwave is important, which will affect the reproducibility of a chemical process, which will be discussed later.
In short, this personal account aims to present the group's experience in utilising a microwave-assisted approach for preparing nanoparticles and polyesters, whilst conveying the current state of the art knowledge in this field. Furthermore, based upon recent developments in this laboratory of a well-controlled microwave intensified fluidic system to synthesise nanoparticles, influence of batch and fluidic systems on microwave-assisted materials synthesis will be discussed.
Batch System for Synthesis of Nanoparticles
Microwave Batch System for Synthesis of Nanoparticles
The unique properties of nanophase materials, originating from their size, morphology, and porosity, indicate that controlling these parameters is of the highest importance in the field of nanomaterials synthesis. A number of different fabrication methods for nanomaterials have been developed, in particular wet chemical techniques which can produce nanomaterials with different morphologies have been widely reported. However, precise control of nanomaterials parameters by a scalable production approach that are rapid and efficient, still remain a challenge in the commercialisation of nanosized materails.
Experimental design and motivation
Compared to conventional wet chemical techniques, the implementation of microwave irradiation (MI) to hydrothermal/solvothermal synthesis is particularly attractive for nanomaterial synthesis due to its characteristic rapid, volumetric and selective heating. In this technique, solvents (e.g. water specifically in the case of hydrothermal condition) are brought to temperatures above their boiling points, achieving an autogenous pressure through heating in a sealed container. It offers many advantages, including greater precursor reactivity, energy efficiency, and more importantly potential formation of distinct metastable phases. [11] Control of reaction conditions is critical for dictating the stability of each species involved in the reaction, and importantly, it is achievalble to synthesise different metastable, kinetically controlled morphologies and phases. In comparison reaction control using conventional solvothermal technique is frequently deficient, due to the non-selective and indirect nature of the heating. Therefore, the employment of the novel heating technique MI, which allows excellent control of reaction parameters, offers great potential to nanomaterial synthesis when applied to batch solvothermal synthesis.
The potential of MI for enhancements in controllable batch nanomaterial synthesis has only recently gained interest, with the realisation of more regulated nanocrystal synthesis and improved quality and yield when compared to conventional heating methods. This can be attributed at least in part to recently developed microwave reaction systems, which allow measurement and control of reaction conditions (e.g. temperature and pressure) more accurate and reproducible. [12] Conventional heating methodologies for batch hydrothermal/solvothermal synthesis typically involve placing a sealed reaction vessel containing the reactants in a convection oven, whereby the temperature is controlled by the set temperature of the oven. In microwave-assisted synthesis system, the sealed reaction chamber is placed inside a MI chamber, in which the temperature of the reaction is tuned by varying the microwave power with a feed-back loop to achieve accurate temperature measurement and control. This microwave irraidation offers direct heating and rapid heating rates. A specially designed commercial reaction system is utilised in the authors studies, allowing hydrothermal/solvothermal synthesis (above room temperature and 1 atm pressure) to be accurately controlled using feedback from the measured temperature of the reaction vessel via fiber optic temperature measurement (Figure 1) , thus enabling reliable control during synthesis of nanomaterials. In addition to excellent control of reaction temperature, the latest microwave-assisted methods reportedly possess such advantages as rapid heating, increased reaction rate and excellent reproducibility, resulting in high energy efficiency, narrow particle distribution, high purity and high yields,. [3, 4, [12] [13] [14] 
Effects of microwave heating on nanomaterials synthesis
With the introduction of MI to chemical synthesis, there have been numerous reports about the exact influence of this technology on nanomaterial synthesis. It can be argued that the majority of microwave dielectric heating phenomena can be explained by purely kinetic/thermal effects, arising from the rapid heating rates and higher bulk reaction temperatures attainable with MI assisted synthesis. This is particularly pertinent to the use of solvents or precursor solutions with a high value of tan δ, (see table 1) which may become rapidly "superheated" far above their boiling points when irradiated in a sealed vessel (as in microwave assisted solvothermal/hydrothermal synthesis). Such temperature profiles are practically very difficult to reproduce with conventionally equipment, making direct comparison limited. These differences in temperature profiles even if moderate can have a dramatic effect on reaction kinetics, potentially changing reaction outcomes.
It has been posited that the efficient and uniform "in core" heating associated with MI, with minimised thermal gradients should result in more rapid and spatially uniform nucleation and growth of nanophase crystals. [15] An argument based on these changes to nucleation and growth processes can then be used to explain the smaller sizes and size distribution frequently observed in microwave enhanced synthesis in comparison to conventional heating. When using conventional methods, the reaction system is heated by thermal conduction through a container wall, then convection via agitation; hence the temperature distribution in the bulk solution will be inhomogeneous in comparison to the homogeneous heating achieved by MI heating. The processes of nucleation and growth depend on local temperature distribution of the system, so inhomogeneity or homogeneity in temperature distribution should cause either a broad or narrow distribution in particle size and shape, respectively. A further argument can be made based on nucleation and growth processes in relation to explaining smaller particle size. The relatively faster heating rates associated with MI compared to conventional heating allows an increased nucleation rate and relatively higher consumption of monomer units, in general resulting in crystallisation of more smaller particles, even if the subsequent growth is fairly rapid as the monomer amount left for growth will be relatively low. This observation was confirmed in a study comparing conventionally heated and MI heated hydrothermal methodologies for the production of microporous material. [16] Furthermore, it was proposed that the specific heating that is characteric of MI can allow the production of "hot spots" when strongly coupled solvents are employed, that would lead to faster nanocrystal development and high yield. [12] In recent years, there has been a large amount of interest in the use of nanomaterials for biomedical applications, given the unique advantages afforded by these materials. For example, it is reported that they can be excellent platforms for tissue regeneration and drug transportation. [17, 18] Microwave heating produces homogeneous (molecular level) heating of polar solution systems, achieving fast nucleation and growth mechanisms which is pererential for preparation of nanophase biomedical materials. However, the application of this technology has not been extensively investigated in the biomaterials field. Herein, our new results on biomedical nanomaterials synthesis and key factors controlling their morphology, phase and particle size are presented in detail.
Within this field, the potential for using MI for calcium phosphate (CaP) biomaterials' preparation was initially demonstrated by the synthesis of hydroxyapatite and tricalcium phosphate particles. [19, 20] Recently, motivated by the potential of this technology, we developed a novel microwave-assisted method to efficiently produce CaP nanoparticles with controlled size and chemical composition. During a systematic comparison with convection heated hydrothermal synthesis, we found that microwave synthesis produces nanomaterials with about 50% higher yields and reduced variation in particle size and morphology.
Furthermore, reaction time of only 1 minute was required compared with 20 minutes in conventional heating . [21] Mesoporous structured calcium phosphates were previously achieved through template-directed growth methods, such as using surfactants. [22, 23] However, the control over particle distribution, morphology and size of these materials was not ideal, and there remains concerns that using templating materials may result in unwanted organic residues being incorporated into the final products. We found that microwave synthesis produces nanomaterials with about 1.7 times higher surface area and 5 times higher pore volume than conventionally heated materials respectively, a critical parameter for biomedical materials, in particular regarding drug delivery systems. [21, 24] . Furthermore, no additional structure-directing media were used in our methodology. Next we investigated the relationship between the MI experimental parameters and the properties of the prepared materials.
Effect of experimental parameters on the nanoparticles properties
Reaction kinetics are influenced by the microwave intensity and the reaction precursors' composition. The final size, morphology, and quality of the microwavegenerated materials were found to depend on the choice of reactants, the applied power, reaction time, and temperature.
In our studies, we demonstrated that reaction temperature could be used to control the morphology of CaP nanomaterials. As can be seen from Figure 2 , when a reaction temperature of 60 °C was used mesoporous nanorods were produced, when the temperature was increased (up to 200 °C) mesoporous nanoplates of CaP were synthesised. [25] The greater temperature control afforded by the direct coupling of MI with solvent, allow different metastable morphologies prepared in this case. Importantly, the different shaped mesoporous CaP nanomaterials exhibited variation in the loading and release of therapeutic molecules. For example, the nanoplates exhibited 4 times higher protein loading than the nanorods. [25] Therefore, these nanostructured particles have strong potential to act as controlled drug delivery systems.
Interestingly, MI time was found to control the porosity of CaP materials but not morphology. Control over protein loading was demonstrated by increasing mesopore volume. Increased bovine serum albumin (a common standard protein) loading was observed with increased porosity for the mesoporous nanoplate materials, equivalent to ca. 40% increase in loading wt % from materials using a 1 min MI reaction time (pore volume-0.1 cm As introduced, mesoporous CaP materials were previously reported using additional surfactant materials, however addition structure directing agents were not employed in our methodology. Our studies suggested that the organic solvent can also function as a structure directing agent, creating pores when the material forms around the solvent molecules or indeed with the inclusion of water. Small pores were then produced upon solvent removal, and then small particles quickly agglomerate under high energy conditions, forming larger mesopores. Furthermore, the number of pores forms in the nanomaterials produced by conventionally heated solvothermal synthesis was lower relative to that produced by MI intensified synthesis. MI is characterised by the direct coupling of irradiation with solvent molecules, producing rapid and controlled volumetric heating with high local temperatures, allowing for effective and uniform pore production. Therefore it can be concluded that formation of mesoporous CaP are controlled by both the solvent and heating methodology, with this process posited to take place to a larger extent in the materials produced at higher temperatures and using MW intensified synthesis.
Another critical reaction parameter in the microwaveassisted synthesis of nanomaterials is selection of the reaction solvent which can not only change porosity as mentioned above but also phase of nanoparticles . For the first time, by utilising a microwave-assisted synthetic method, we were able to produce three commonly employed CaP phases (β-TCP. HA, and dicalcium phosphate anhydrous) in a rapid and efficient manner and under mild conditions, by only varying the reaction solvent. [26] MI heating in a closed vessel system produces a high vapor pressure when volatile solvents are used. Methanol and ethanol used in this study have relatively high vapor pressure of 400-550 psi and 300-400 psi respectively. It was found that vapour pressure had a contribution in combination with microwave heating to accelerate the reaction rates. As we found that DCPA and HA could also be synthesised at room temperature in similar solvents but with a very long reaction times, we believe MI greatly increased the reaction rates and product yields. Importantly, synthesis of the important resorbable bioceramic β-TCP typically requires high temperature aqueous conditions (> 800 °C), or long reaction times of approximately eight hours in methanol, but can be synthesised in 5 minutes using the MI heating technique. Therefore, the rapid synthesis and phase selectivity of CaP biomaterials were attributed to a highly pressurised system and MI heating.
Due to the progress in the controlled synthesis of CaP nanomaterials utilising appropriate reaction solvents, the feasibility of the microwave-assisted synthesis of biphasic and high aspect ratio CaP nanobioceramic compounds for drug delivery and bone tissue regeneration was then assessed. Control of CaP nanomaterials morphology and more importantly phase was found by changing the relative quantities of EtOH used as a co-solvent with H2O. When a H2O/EtOH volumetric ratio of 80/20 was used we were able to produce high aspect nanowire calcium phosphate materials (aspect ratio of ca. 54, see figure 3), with a biphasic composition of HA and monetite (72.0% monetite, 28.0% HA). The aspect ratio of the nanowires/nanoneedles was also found to be sensitive to changing either the Ca/P shoichiometric ratio of the reactants, or by changing the point of EtOH addition in the reactant mixing procedure. It was observed that varying the Ca/P reactant stoichiometry to a higher value of 1.67 increased the relative quantity of HA (up to 91.5%) in these 1D biphasic calcium phosphate materials. This was further achieved by increasing the reaction pH to 10, implying that the composition of the nanowires/nanoneedles can be controlled using either of these variables. [27] Conventionally, control over the shape of inorganic nanoparticles is acheived through the application of surfactants or chelating agents. However, in our reaction system, rapid energy input and high-pressure conditions fostered through microwave heating produced 2D and 1D CaP nanoparticles when a solvent composed of high H2O/EtOH volumetric ratio was employed. Previously, Peng et al. reported that CdSe nanocrystals underwent diffusion-controlled 1D growth when there was a high chemical potential of monomer (precursor species) in the solution. [28] Similarly, one dimensional hydrothermal growth of HA nanowires were described by Costa et al., and attributed to a diffusioncontrolled HA crystal shape evolution mechanism based upon varying chemical potential of solution. Therefore, it can be inferred that the key factors for orientated growth are a high chemical-potential environment and an anisotropic crystal structure.
In our studies, a similar theory can be used to explain the observed CaP nanocrystal shape evolution ( Figure  3 ). In this case, the size and aspect ratio of the materials are dependant upon the change of solvent composition (EtOH/H2O ratio) using microwave heating, to the concentration of solute species ([Ca 2+ ] and [HPO4 2- ]) in the crystal growth phase. The concentration of solute species remaining in solution after the nucleation phase is governed by the number of nuclei formed, with a relatively small number of nuclei desirable for unidirectional growth. It has been reported that addition of ethanol to an aqueous solution can lead to disruption of the bonding in the water structure and with calcium cations, lowering the energy barrier to deaquation and hence facilitating nucleation of the most stable calcium phosphate species. [29] Furthermore, the relatively higher dieclectric loss of EtOH than water (stronger interaction between EtOH and microwave radiation) means that the addition of EtOH should increase the dielectric loss (heating effect) of an aqueous medium, and thus induce rapid formation of CaP nuclei by promptly weakening the interaction between the ionic reactant species and the hydration shell.
Importantly, microwave heating have been shown to accelerate crystal growth in comparison to conventional heating, [16] and to accelerate Brownian motion, giving faster effective circulation of solute in solution, hence favouring elongated growth. Therefore, it is believed that the anisotropic growth of calcium phosphate nanowires and nanoneedles is governed by the intrinsic chemistry of specific faces, the local solution details, and the mode of foreign energy activation (e.g.microwave assisted-solvothermal heating). In other words, EtOH faciliates 3D growth due to lower concentration of solute ions (higher nucleation) while water favors 1D or 2D dimensinal growth due to lower nucleation and hence higher concerntations of solute species under microwave conditions. Therefore, it is believed that the anisotropic growth of calcium phosphate nanowires and nanoneedles is governed by the intrinsic chemistry of specific faces, the local solution details, and the mode of foreign energy activation (e.g.microwave assisted-solvothermal heating). In other words, EtOH faciliates 3D growth due to lower concentration of solute ions (higher nucleation) while water favors 1D or 2D dimensinal growth due to lower nucleation and hence higher concerntations of solute species under microwave condition. hypothesised to be controlled by governed by the precursors concentration in the bulk, resulting in a transition from either 13D or to 31D growth of calcium phosphate when the H2O/EtOH volumetric ratio was increased from 1:4-4:1. Small blue arrows represent precursor flux. Modified from figure published [27] In summary, our MW-assisted intensified synthetic approach enables the rapid and efficient production of morphology and compositionally controlled 1D, 2D and 3D biomaterials, with the potential for tuneable mechanical and degradation properties in combination with the delivery of therapeutic agents, which have exciting potential for improved graft materials for bone tissue engineering.
Microwave Batch System for Synthesis of Polyesters
Polyesters, such as poly(glycerol sebacate), poly(lactic acid) and poly(glycolide), are useful polymers that are extensively used in biomedical applications. These degradable polyesters are preferable for bone implants and drug carriers since no additional steps are required to remove them after the surgery.
The use of MI to prepare polyester is highly preferred owing to its selective heating mechanism. Compared to conventional heating methods, MI has the capability to finely tune materials properties while requires shorter reaction time. Furthermore, MI can also improve the product yield and provide great selectivity. [31, 32] This is because the molecular species involved in the polycondensation stage of polyester synthesis are usually highly polar, for example water which is eliminated during the reaction. [33] Additionaly, MI can affect the molecular structure of polyesters produced. For instance, a mixture of cyclic and linear poly(lactic acid) was found when heated with MI. [34] 
Experimental design and motivation
In principle, water is eliminated as the side product during the polyesterification process. Thus, purging the reaction medium using an inert gas is very important, as it will help remove water from the medium and prevent the likely unexpected hydrolysis.
Aydin et al reported the preparation of poly(glycerol sebacate) (PGS) in a 650W domestic multi-mode microwave (White Westinghouse, USA). [35] In a typical experiment, the monomers of PGS (i.e. sebacic acid and glycerol) were irradiated for 3 minutes with 10 seconds of intervals to obtain the pre-polymer of PGS (pre-PGS). The curing process of the pre-PGS was reduced to 16 hours from 2 to 5 days at 150 ˚C. Without precisely controlling the real time temperature during polyesterification, the glycerol monomers were found to be evaporated significantly (molar ratio of sebacic acid to glycerol: 78:22) as compared to the initial ratio (100:100), owing to the highly efficient coupling between glycerol molecules and the MI. [35] Li et al modified the MI approach to prepare pre-PGS. [36] The authors used a 600W domestic microwave (Panasonic NN-ST642W) and measured the temperature of the reaction medium offline every 1 minute using a thermometer. Similar to previous procedures, the monomers were irradiated up to 30 minutes with cooling intervals. The esterification of pre-PGS prepared by microwave for 15 minutes was similar to the one prepared by 6 hours using conventional heating. The authors also quantified the degree of the esterification of the pre-PGS and correlated it with the physical status of the PGS (Figure 4) . The PGS changed from a brittle wax to viscous liquid before elastomer formation. However, the on-line temperature was not monitored, which may have affected the evaporation of the monomers and influenced reproducibility. In addition, the reaction medium was not stirred, and this would create a non-uniform temperature distribution during the MI process.
Figure 4
The physical status of the poly(glycerol sebacate) with the corresponded degree of esterification at different reaction temperature. This is adapted with permission from REF. [36] , American Chemical Society.
We have recently developed a novel system to tailor the degree of esterification of PGS using a MI method. [37] The degree of esterification was calculated based on the amount of water (side product) collected during the polycondensation process. Our setup (Figure 5) consists of a round bottom flask (50 mL) made of borosilicate glass containing two PTFE tubes. The first PTFE tube is connected to the inert gas supply and the second one is linked to the Drechsel bottle (solvent or water collection). The PTFE tubes must be tight and completely clean. The outlet of the PTFE tube carrying the inert gas is located lower than the inlet of the collector tube, avoiding the inert gas bypassing the reaction mixture. The PTFE tubes are utilised in this system because it can resist relatively high temperature and can be easily replaced if it is contaminated.
The experiments were conducted in both a single-mode and multi-mode microwave (MARS and Discover, CEM Microwave Technology Ltd.) at 150W (3 minutes per cycle with cooling intervals). The real-time temperature was monitored with a limit of 130 ˚C and the reaction medium was stirred vigorously throughout the reaction. After each microwave cycle, the collected water was measured to quantify the degree of the esterification of the polymer. The precursors were well-mixed in the flask before microwave treatment to ensure homogeneous heating. The prepared pre-PGS was then cured in a vacuum oven for 2-48 h at 120 ˚C.
When comparing our MI experimental method with those previously reported, the key improvements are: i) on-line temperature monitoring, ii) relatively homogeneous temperature distirbution, iii) inert gas condition and iV) on-line monitoring of the degree of esterification. The real time temperature control is highly important for improving both the reproducibility and material properties, as the mechanical properties and degradation rate of PGS are dependant upon the ratio of the constituent monomers. Without temperature monitoring, the monomers could evaporate to some extent. In addition, the solid wax of the pre-PGS could block the PTFE tube and inhibit water removal when the system is overheated. In our design, the presence of the toluene with low boiling point (110 ˚C) reduces the evaporation of the monomers when removing water from the medium. Futhermore, the inert gas is crucial to avoid the oxidation of the monomers. It also helps to remove water during the polycondensation. Lastly, the water collected can be used to tailor the degree of the esterification of the pre-PGS and to estimate the curing time.
Figure 5
Experimental setup to synthesis the pre-PGS in the single-mode and multi-mode microwave cavity.
As mentioned above, MI reduces reaction time in comparison to conventional heating methods. [35] [36] [37] As shown in Figure 6 , MI also alters the pre-PGS structure owing to the special heating mechanism, leading to a wider range of degradation rates and providing a high degree of flexibility to control the mechanical properties. For instance, a wide range of Young's modulus of PGSs were prepared with a short curing time as compared to conventional heating. [37] This is because MI activates both primary and secondary alcohol groups of the glycerol molecule. The primary alcohol group is likely to react first with the carboxylic acid and produces a linear structure during the polycondensation process. Interestingly, the microwave energy also enables the secondary alcohol groups to react with the sebacic acids, producing a mixture of linear and branched structures. These highly branched polymers with high number of end groups are especially important since they provide more binding sites for drug molecules and allows tuning of materials to have desirable multifunctionalities for specific interactions. [38] Figure 6 MI varies the molecular structure where highly branched pre-PGS has been produced in the microwave, leading to a wider range of the degradation rates. This figure is adapted with permission from REF [37] , Royal Society Chemistry.
Influence of microwave parameters on the polyester properties
Althouth both single-mode and multi-mode MI systems are more energy-efficient than the conventional heating methods, the microwave intensity in the single-mode is always higher than that in the multi-mode MI. [39] [40] [41] Therefore, preparation of pre-PGS is faster in the singlemode MI than in the multi-mode MI when similar degree of esterification is achieved. [37] The type of solvent used is the primary factor in dictating the interaction between MI and reaction medium, specifically the efficiency of converting MI into heat (referring to Table 1 and Table 2 ). Higher efficiency enables the reaction medium to achieve the desired temperature within a shorter time. However, in our polycondensation of pre-PGS, a low microwave absorbing medium (i.e. toluene) was delibarately used as a moderate solvent because it could promote the esterification process and its low boiling point could also effectively reduce loss of monomers.
The accuracy of the temperature measurement in the microwave cavity is always crucial. A temperature gradient can be found in a microwave reaction system. For example, the infrared (IR) thermometer used in the CEM Discover LabMate System (CEM Corporation) showed a discrepancy of 15-20 ˚C compared to the fiber optic sensor located at the different position in the reaction medium (Figure 7a) . [9] The IR measures the temperature by monitoring the IR radiation from the bottom of the reactor. Therefore, using the similar type reactors/vessels is one of the key issue to ensure the reproducibility of MI experiments. Furthermore, the position of the reactors/vessels in the microwave should be fixed at the same position in the temperature measurement.
In contrast to domestic microwaves, commercial microwave reactors consist of an built-in magnetic stirrer. The stirring process helps to maintain a uniform temperature distribution and mass transfer during the MI reaction. [9, 42] Figure 7b illustrates the difference in the power density in the microwave when liquid is not agitated. Furthermore, the slow stirring rate or no stirring in viscous solvents may create a larger temperature gradient in the reaction medium, which is undesirable for MI synthesis. [42] Therefore, the reaction medium should be well-mixed to reduce both the temperature gradient and reactants gradient (Figure 7c) .
In short, our modified MI approach improves reproducibility by utilising online monitoring of reaction temperature and offers a great degree of control over esterification of pre-polymers. This synthesis pathway can be extended to synthesise other polyester by MI. Importantly, a highly branched polymer could be prepared using MI in a short reaction time. These polymers provide more active sites for enhanced drug loading, which have great potential as an improved drug delivery system. 
Microwave Fluidic System for Synthesis of Nanoparticles
It is widely acecepted that inorganic nanoparticles, potentially exhibit specular mechanical, electrical, optical, catalytic and magnetic properties due to their small size (the length scale of approximately 1-100 nm). This makes them very useful in a variety of research disciplines. [43] [44] [45] [46] Nanoparticles can be synthesized by hydro-/solvo-thermal methods, co-precipitation, sol-gel processing, polymerisation and chemical/physical vapour deposition. [47] [48] [49] [50] [51] However, controlled growth of nanoparticles (e.g. particle size and its distribution, shape and morphology, crystallinity and purity and yield) is always very critical in order to realise their full potential in a wide range of applications such as heterogeneous catalysis, photography, information storage, smart electronics, sensing and medicines.
Motivation of microwave promoted flow systems
Flow synthesis, as a potentially controllable and outscaling method, is superior to batch technologies and used as a versatile tool for the synthesis of value-added inorganic [52, 53] and organic [54, 55] materials. In this section we particularly focus on the preparation of the nanoparticles by a microwave-flow system. Readers are also directed to the recently published complemenetary review articles for the comprehensive use of the microfluidics and conventional heating for the synthesis of organic and inorganic materials. [53, 56, 57] In principle, microfluidic systems, comprising of small channels (<1mm), benefit from large surface-to-volume ratio and provide rapid mixing, controllable mass and heat transfer under continuous flow condition. Further they provide improved control over the size and the polydispersity of particles. [52] Compared to the batch reactors, the synthesis of inorganic nanoparticles in micro-channels has gained considerable attention due to the ease of finely tuning the flow properties. [52] Yagyu et al have reported the preparation of monodisperse gold nanoparticles in water at room temperature using a low-cost, glass-made microfluidic reactor having a Y-shaped microchannel (Figure  8a) . [58] They also discussed the effect of channel width (260 μm and 430 μm) and flow rates (0.05, 0.06 and 0.1 mL/min) on the size distribution of the synthesised gold nanoparticles (Figure 8b-h) . Their findings revealed that both a slow flow rate (0.05 mL/min) and a small channel width (260 μm) were essential for the synthesis of monodisperse gold nanoparticles.
Ftouni et al used a microfluidic device to synthesise small diameter citrate-stabilized gold nanoparticles (average diameter < 2 nm) by conventional heating at 100 °C compared to the large diameter gold nanoparticles produced by batch synthesis (Figure  9a) . [59] Although the method produced homodispersed 1.8 nm gold nanoparticles, the amount synthesized was very limited (Figure 9b ). Variations of reaction conditions such as concentration, temperature and reaction time are likely to have a significant effect on both nucleation and particle growth, and a better control over these variables may improve the monodispersity, particle size and its distribution, shape and morphology, crystallinity and purity of the nanoparticles manufactured. [60, 61] MI is believed to havemore homogeneous heating throughout the solution, resulting into more accurate control on nucleation stage. The extra molecular level mixing force generated by microwave is further expected to help mass and energy transfer dramatically, achieving homogeneity throughout the bulk solution. [12, [60] [61] [62] However, there are some concerns about the use of MI in the large reactors involving microwave penetration depth, requiring strong microwave intensity, long irradiation time and high pressure resistant reactors. In principal, a capillary reactor (<1 mm diameter) promoted by MI can make use of all advantages of MI but exclude the drawbacks listed for large reactors.
Combining the advantages of the microfluidic reactor with MI, the strong potentials of the method for nanocrystalline materials fabrication can be realised. However, in order to get the full potential of a microwave-flow system with high reproducibility, 1) designing a microwave compatible robust reactor, 2) producing a homogeneous microwave heating and 3) maintaining a good control over the reaction temperature during the chemical reaction are essential. If one of these necessities fails the results are likely not to be reproducible. Thus the researchers are advised to pay particular attention to the reactor design, microwave source and temperature control before designing their experiments. (Figure 10a ) with a microwave system, and prepared pure nickel nanocrystals (NCs) and the palladium NCs supported by nickel NCs. [63] They used a multimode microwave source (Ragatech Pvt. Ltd., India, 700 W, 2.45 GHz) without the real-time reaction temperature monitoring neither inside nor outside the microwave zone. The authors characterized the prepared Pd/Ni hybrid material using the Powder X-Ray diffraction which showed a peak at 40.1°, attributed to the 111 plane of metallic Pd. The peaks at 44.5°, 51.6°, and 76.5° have been assigned to 111, 200, and 220 planes of Ni metal (Figure 10b) . 
Experimental design
Based on the previous reports, we have designed a novel system by coupling microwave heating with continuous flow reactor and online monitoring unit, which was proved to be an attractive route for the rapid, continuous and controlled growth of inorganic metal and metal oxide nanoparticles (Figure 11 ) . [60, 61] The whole system works in a harmony to prepare nanoparticles reproducibly. To operate at maximum efficiency the microwave-flow system must be no leaking and completely clean. Often, poor system performance is related to leaks occurring at the connections.
Figure 12 a) Schematic of the microwave-flow system used to prepare hematite [60] and gold nanoparticles [61] . b) Inhouse designed and engineered flow reactor made of Teflon tubing coiled around the polyethylene base for inorganic nanoparticle synthesis. c) A picture of the flow reactor in microwave holder.
As above-mentioned, a microwave transparent (see Table 2 ) and robust reactor made of low cost materials such as Teflon tubing, should be employed. In our experiments, we engineered our flow reactors by coiling the flexible Teflon tubing around a cylindrical base made of a Teflon or polyethylene material. The size of the reactor and the base is proportional to the size of the microwave cavity. In addition the selection of the base material is totally dependent on the reaction temperature. Basically, the Teflon base can resist the temperature higher than 120 °C (up to ~330 °C), while the polyethylene base fits to low temperature reactions . In a microwave-flow system, although the temperature change is closely linked to the main reaction parameters like microwave power, boiling point of the solvent used and the flow rate, it is also highly dependent on the precursor and its concentration dissolved in the reaction solvent. Thus, compared to the pure solvent boiling temperature, one should expect a fast increase in the fluid temperature in micro channels when a solvent/polar precursor mixture was heated by microwave. Figure 13 shows the temperature change by time in a microwave-flow system at a constant applied microwave power of 30 W and 2 mL/min flow rate. One can easily see that the temperature of pure water reaches ~70 °C in 5 min while the temperature of FeCl3 solution reaches ~130 °C under the identical conditions, showing the strong effect of the precursor with MI and then influencing temperature profile. In addition these results reveal that a critical time is required to reach a stable temperature in the microwave-flow system. One should take into account this time period and will not collect the products untill temperature is being stabilized. Otherwise the collected products will not be homogeneous, instead it can also be a mixture of intermediate and actual products with varying size distribution and morphologies. 
Key factors affecting the nanoparticle synthesis
In our microwave-flow system, although both synthese processes carried out in an aqueous medium under the same pressure, hematite (α-Fe2O3) synthesis [60] required a reaction temperature above 120 °C, while the gold nanoparticles [61] were prepared at 120 °C. We selected to use the Teflon and polyethylene bases for hematite and gold nanoparticles synthesis, respectively. The readers are therefore advised to pre-evaluate the tangent losses of microwave compatible materials, given in Table 2 before engineering their reactors. [6, 8] Microwave sources can be a single-mode or multi-mode. It is wellestablished that single mode MI can transfer energy to the reaction medium much more efficiently and faster compared to its multimode counterparts (e.g., domestic microwave systems). [61] However, the main issue for the commercially available singlemode microwaves is the size of their microwave cavity which restricts the size of the designed reactor, as well as the up-scaling of the continuous manufacturing process. Thus designing of single-mode microwave systems offering larger and accessible reaction cavity should be another interest of the microwave flow system which is beyond the topic of the short review.
Figure 14
Graph shows the temperature change versus time when a glass vial filled with 10 mL water was placed in different locations in microwave cavity. (Power=40W, Time=60 s) Light grey, dark grey and orange circles refer to microwave cavity, glass vial and IR sensor, respectively.
In order for the reproducible experimental results, as mentioned before another critical point is the position of the flow reactor inside the microwave cavity. Our prelimnary experiments performed by using water as a solvent suggested that the microwave intensity is variable in different locations of the microwave zone (Figure 14) . In a typical experiment, a glass vial was filled with 10 mL water and placed in different locations in the microwave cavity and was irradiated using microwave power of 40W for 60s. Temperature was recorded at every 5 s using a built-in IR temperature sensor after its calibration. Our findings showed that the flow reactor should be rigid and positioned in the centre of the microwave cavity to reach the highest temperature. Overall the mispositioning of the flow reactor inside the microwave zone is likely to affect the reaction outcomes. Thus some effort should be given to properly position the reactor in the reaction zone.
Finally, the temperature control throughout the microwave-flow process is very essential for the precise control of the produced materials properties. However the current commercially available microwave systems do not allow to real-time monitoring of the temperature distribution in a flow reactor. In our system we have achieved a real-time external temperature monitoring by placing a temperature probe 5 cm away from the microwave heating zone, and estimated heat loss assuming the forced convection heat transfer in the fluid inside the Teflon reactor and natural convection heat transfer in the surrounding air. [60, 61] However this can not give us temperature distribution radially.
In brief, our previous studies suggest that the key factors affecting the nanoparticle synthesis in the microwave fluidic system are microwave power, precursor concentration and flow rate. [60, 61] In a typical synthesis, these variables can be readily and effectively controlled in the microwave fluidic system benefiting from both single mode microwave heating and flow chemistry. This enables us to reproducibly control the reaction temperature, reactant concentration and reaction time , resulting into much smaller particle size and size distribution. For instance, less crystallised hematite particles were obtained at high precursor concentrations (0.1 and 0.2 mol L −1 ) while highly crystalline particles were observed at low precursor concentration (0.05 mol L −1 ). [60] For gold nanoparticle synthesis, an increase in the flow rate (from 4 mL min −1 to 10 mL min −1 ) under constant reaction parameters (reactor volume 6 mL, microwave power 36 W, and applied back pressure 20 psi) resulted in gold nanoparticles composed of high aspect ratio and rod-like particles instead of sphereic gold nanoparticles with well-defined morphology when at 4 mL min −1 .
5.Summary and Outlook
The field of microwave chemistry intensified materials preparation is believed to play a substantial role in future low carbon manufactering due to its higher energy efficency, and potential for preperation of unique nanosized materials and metastable phases with reduced size distribution. In this account, to prepare nanoparticles and polyesters via microwave synthesis have been outlined. In summary, by monitoring and controlling reaction parameters using MI, properties of the materials can be finetuned to those desirable for their particlular applications (e.g. mechanical properties or biological compatabililty). Furthermore, the reported preparation procedures could be extended to the synthesis of a wide range of functional materials.
The recent advancements in commercial microwave intensified reaction systems, with on-line pressure and temperature measurement, can greatly improve reproducability in comparison to both convention heating methods and retrofitted domestic oven systems. However, accuracy of temperature measurement in microwave reaction systems remains a challenging issue. It can be mediated by placing both fiber and IR temperature detectors in the same position of an idential reactor. Continuous development of MI reaction systems, for example external cooling of reation vessels to maintain a constant temperature (to reduce classical thermal reaction), can further discover potential microwave-induced specific effects, which is an interesting point in establishing the best utilisation of this technique.
Another key step for this cutting edge technology should be it's upscalable material synthesis. The high energy efficiency and reproducability of MI provide high probability for succesful transition of MI synthesis route from producing grams to kiligrams.
Continuous flow synthesis systems also have potential to increase reaction efficiency and safety during the preparation of nanomaterials. When coupled with the microwave heating, the continuous microwave-flow systems can be a promising mean for large quantities of useful nanomaterials synthesis. Microwaveassisted multiple flow reactors can allow the out-scaling of the manufacturing process while reducing the total cost. So process intensification can be achievable via homogeneous microwave heating and fine temperature control throughout the chemical reaction. With the current microwave technology, specific focus should also be devoted to sustainable reactor design, the temperature distribution monitoring tools inside the microwave zone and the theoretical modelling of the microwave-flow systems.
